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We consider a flux-threaded Aharonov-Bohm ring with an embedded quantum dot coupled to 
two normal leads. The local Rashba spin-orbit interaction acting on the dot electrons leads to a 
spin-dependent phase factor in addition to the Aharonov-Bohm phase caused by the external flux. 
Using the numerical renormalization group method, we find a splitting of the Kondo resonance at 
the Fermi level which can be compensated by an external magnetic field. To fully understand the 
nature of this compensation effect, we perform a scaling analysis and derive an expression for the 
effective magnetic field. The analysis is based on a tight-binding model which leads to an effective 
Anderson model with a spin-dependent density of states for the transformed lead states. We find 
that the effective field originates from the combined effect of Rashba interaction and magnetic flux 
and that it contains important corrections due to electron-electron interactions. We show that 
the compensating field is an oscillatory function of both the spin-orbit and the Aharonov-Bohm 
phases. Moreover, the effective field never vanishes due to the particle-hole symmetry breaking 
independently of the gate voltage. 

PACS numbers: 73.23.-b, 75.20.Hr, 72.15.Qm, 71.70.Ej 



I. INTRODUCTION 

Interference studies in solid-state mesoscopic interfer- 
ometers provide most valuable information about scat- 
tering properties of artificial atoms (quantum dots)ji~— 
Interference takes place between electronic partial waves 
traveling along a nonresonant channel (the reference arm) 
and through a quasi-localized state (the quantum dot). 
When an external magnetic flux is piercing the area en- 
closed by the interferometer, the partial waves pick up 
different Aharonov-Bohm phases and conductance oscil- 
lations are observed. Moreover, path interaction between 
the background channel and hopping through the dot 
gives rise to characteristic asymmetric Fano transmission 
lineshapes^ 

For strongly interacting dots which are coupled to ex- 
ternal reservoirs, transport at low temperatures is domi- 
nated by Kondo correlations, which originate from a non- 
trivial antiferromagnetic interaction between the leads' 
conduction electrons and the dot electron in a discrete 
level playing the role of a quantum impurity^ Such in- 
teraction leads to a screening of the impurity spin and the 
linear conductance reaches in the strong coupling regime 
the maximum value 2e 2 /h (the unitary limit) for a wide 
range of the gate voltage. 10 However, when the dot is in- 
serted in the arm of an Aharonov-Bohm interferometer, 
the linear-response curves evolve from the unitary limit 
to asymmetric lineshapes and finally to a plateau of zero 
conductance as the background transmission Tj, increases 
from to lAi In addition, the differential conductance 
shows a zero-bias peak at T& = which is transformed 
into a dip when Tb approaches 1~2> 

At the same time, spin-orbit interactions have been 
a subject of ongoing interest since the advent of 
spintronicsJ^ A prominent spin-orbit interaction is the 



Rashba interaction, which arises in inversion asymmet- 
ric semiconductor heterostructures.— Aharonov-Bohm 
oscillations have been observed in rings in the pres- 
ence of spin-orbit interactions J£r— When a dot sub- 
ject to Rashba interaction is embedded in the meso- 
scopic interferometer, the traveling electrons acquire 
a spin-dependent phase in addition to the Aharonov- 
Bohm phase. 19 A similar effect takes place in quantum 
wires with localized Rashba coupling, 20 in which case 
localized magnetic states can be formed in nonequilib- 
rium situations. 2 — For spin-orbit quantum-dot Aharonov- 
Bohm systems, the spin polarization can be con- 
trolled by tuning the magnetic flux and the Rashba 
strength^ More importantly, using numerical renormal- 
ization group methods it has been argued that a compen- 
sation effect takes place when an external Zeeman field 
is applied, eliminating the splitting due to the spin-orbit 
interaction in the Kondo local density of states^ 3 - This 
situation is also seen in single dots coupled to ferromag- 
netic cases, for which spin dependent coupling leads to 
the splitting of the dot spectral weights^ via an effec- 
tive field for gate voltages away from the particle-hole 
symmetric points 

The nature of the compensating field can be fully un- 
derstood only through a scaling analysis. This is the goal 
we want to accomplish in the present work. We find that 
the origin of the effective field is twofold: (i) for nonin- 
teracting electrons the combination of spin-orbit interac- 
tions and external flux gives rise to a splitting of the dot 
energy levels; and (ii) in the presence of interactions, de- 
scribed only beyond mean-field theory, the effective field 
acquires corrections which are of the same order as the 
noninteracting value in the case of very strong correla- 
tions. We find that the compensating field is a periodic 
function of the spin-orbit and the Aharonov-Bohm phases 
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and that it is always nonzero independently of the gate 
voltage due to the breaking of the particle-hole symmetry 
point. Our results are complemented with a mean-field 
theoretical approach and perturbation theory, in agree- 
ment with the exact numerical calculations. 

The paper is organized as follows. In Sec. HH we intro- 
duce a theoretical model and review the noninteracting 
solution. We calculate the effective field that splits the 
dot level including interactions at the mean field level. 
We then show in Sec. lIIII our results from numerical renor- 
malization group calculations, obtaining a splitting of the 
Kondo peak. To reveal the origin of this splitting, we per- 
form in Sec. |TV] a two-stage scaling analysis and obtain 
the renormalized dot levels in the presence of both the 
Aharonov-Bohm and the Rashba phases. In Sec. [V] we 
derive an explicit expression for the effective magnetic 
field using a Schrieffer- Wolff-like mean-field theory. Fi- 
nally, our conclusions are contained in Sec. IVI1 




FIG. 1: Sketch of the system under consideration. A two-lead 
Aharonov-Bohm interferometer has a quantum dot embedded 
in its lower arm. W is the transmission amplitude in the direct 
path whereas V a (a = L/R) are hopping matrix elements 
between the dot and the leads. The electrons traveling along 
the ring can acquire a spin-dependent phase </> CT . We consider 
a quantum dot with a single energy level Ed and charging 
energy U . 



II. THEORETICAL MODEL 

We consider an Aharonov-Bohm (AB) inteferometer in 
contact with two normal leads, see Fig. [TJ A quantum 
dot with local Rashba spin-orbit interaction is embed- 
ded in one of two arms of the AB interferometer. The 
Hamiltonian of the system under consideration is then, 



where 



H = H d + Hc + Ht, (1) 

Kd = ^2 e d ad\d a + Un df n dir , (2a) 
Uc = £ k*ci ka c aka , (2b) 

a— L I R.k,a 

Ut=> j \V a d\c aka + h.c] 

a,fe,cr 

+ £ [^C^+U] . (2c) 

k,k' ,cr 



Here, T-Ld describes the quantum dot Hamiltonian with 
single-particle energy e da and on-site Coulomb repulsion 
U. n a = dydrx denotes the occupation of the dot. He 
represents two normal leads (a = L/R) and the tunneling 
between leads and AB ring is given by Ht- In the tunnel- 
ing Hamiltonian, the coupling V a describes the electron 
tunneling between lead a and the quantum dot, while W 
corresponds to the direct tunneling amplitude between 
the leads. Due to the presence of a flux $ threading the 
area enclosed by the ring, the electron acquires the AB 
phase <Pab — 27r<I>/<I>o, where ($ = hc/e) is the flux 
quantum.— At the same time, the dot is subject to spin- 
orbit interactions which give rise to the spin- dependent 
phase afiso^ As a consequence, the total phase accu- 
mulated along the ring is 4> a = 4>ab + wfiso ■ 



A. Noninteracting case 

We first review the non-interacting case (U = 0). 23 
We define the quantum-dot retarded Green function for 
electrons with spin a, 



dte^((d a (t),dUO))Y 



where ({d a (t), 4(0)))'" = -iQ(t)([d tr (t),4(p)]+) 
Green function can be calculated exactly as, 



1 



'da 



(3) 
The 

(4) 



where the zeroth-order (i.e., noninteracting) self-energy 
reads, 



Sqct — 



A{Vl + Vg + 2V L V R W cosj^A) 
1 - W 2 A 2 



with 



A{z -> uj + i0+) = Y 



(5) 



(6) 



In the wide-band limit, the self-energy can be written 



as 



Socr = -r ( i 



'a(, cos(4> a ) 



(7) 



withp = p(E F ), £ = ^p\W\ a = WlVlUVl + V|) 2 , 

andr = r/(l+,e) = Kpo(Vl + V%)/(l+0- FromEq. ©, 
we note that the real part of the self-energy, Re [Eo<r], is 
spin-dependent because of the factor cos (/v. In turn, this 
implies that there is an effective Zeeman field, 



gfi B B cS = T VaC sin (j) AB sin ^so , 



(8) 



acting on the dot levels due to the combined effect of the 
local Rashba interaction and the magnetic flux. This ef- 
fect appears because the phase acquired by an electron 
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with a given spin orientation is 4>ab + 4>so whereas the 
opposite orientation acquires 4>ab — 4>SO- In fact, if ei- 
ther 4>ab or 0so vanish, we have -B e ff = 0. Then, quite 
generally, B c g can lead to net spin polarizations in the 
transmitted current i 19 ' 22 

Trivially, such effective field can be canceled by an ex- 
ternally applied field B cxt such that B cxt = — -B e ff = B c 
which compensates the splitting. We see that the com- 
pensation field B c is a periodic function of 4>ab and 0so • 
Our next goal is to include interactions. 



B. Mean- field approximation 

In the simplest approach that includes interaction,— 
one replaces Sda with Ed a = £da + U{n„) in Eq. 
where the mean dot occupation at equilibrium reads, 



duf(u) luvg r da {uj) 



(9) 



with f(uj) the Fermi distribution function. The problem, 
thus, must be self-consistently solved since the right-hand 
side of Eq. © depends on (n a ). This Hartree approach 
is known to generate local magnetic moments, even in 
the presence of spin-orbit interactions. 21 To avoid this, 
we will here focus on the nonma gnet ic phase. 

We extend the method of Ref. 29: to account for both 
the AB and the spin-orbit phases. Then, we obtain for 
the special point Ed = —U/2 the self-consistent equation, 



U fUm\ ~ r- 

bjda = —<J — tan — — -1 i/ac 

7T V 2r / 



cos 



r), (10) 



Here, m = (n-j-) — (n±) is the dot magnetization. The 
compensating field is calculated from the condition m = 
0, which is satisfied by 



g^BB c 



-Ty a£ sin 4> A b sin <j> S o . 



(11) 



We note this value coincides with the noninteracting re- 
sult obtained above. Therefore, to find corrections to the 
noninteracting case we must go beyond the mean-field 
approach and include strong correlations. We first ana- 
lyze the problem numerically and then later we perform 
a scaling study that demonstrates that there are indeed 
corrections due to interactions but, strikingly, the peri- 
odicity of B c is preserved. 



III. NUMERICAL RENORMALIZATION 
GROUP CALCULATION 

We now present a numerical renormalization group 
(NRG) analysis of our system. Employing the standard 
NRG recipe 3 ^ and an even/odd parity basis, 

f nea = -j= (e-^' 2 f nLa + e + ^/ 2 f nRa ) , (12a) 



fnoa - ^ ( 



,-i<P„/2 



fn 



La 



fn 



Ra 



(12b) 



we first map the continuous conduction bands onto the 
corresponding tight-binding model. Here, a symmetric 
coupling is taken, i.e., Vl = Vr = V\. The resulting 
Hamiltonian can be then written as 

U = Y.y — (cos(0 CT /2)4/ Oe(T + sin(0 CT /2)4/ Ooo - + h. 



1 + A- 



a=e/on=0 a 



foea — fooafooaj + Hd • (13) 



Here, we assume a constant conduction band with a half- 
width D. Note that the couplings between lead and dot 
are now spin-dependent. To solve the Hamiltonian, we 
define a sequence of Hamiltonians Hat as follows: 



E 



5 (0 CT /2)4/ Oeff + sin(0 CT /2)4/ OoCT + h. 



1 + A 



N-l 



> E EE A " n/2 ^(/^/n+w+^-) 

a=e/o n=0 a 

2 



oa ) ( i 



(14) 



that results in the recursion relation below 



e/o & 



Ota i I ; 

(15) 

2 



with 



n 



N 



1 + A- 



-n 



N ■ 



(16) 



Using this recursion relation, we iteratively diagonalizc 
the NRG Hamiltonian and keep only the lowest eigenval- 
ues in each step. In doing so, however, we have to be 
careful because the original Wilson's NRG approach 30 
fails in the presence of a magnetic field. This failure re- 
sults from the fact that at the initial stages the Wilson's 
approach does not yet know about the tiny perturbation 
breaking the spin symmetry and thus yields an incorrect 
ground state. Here, we thus employ the so-called density- 
matrix (DM) NRG approach developed by Hofstetter^ 
Although there exist more sophisticated methods in the 
literature,— we believe the DM-NRG is enough for our 
purposes. 

In Fig. [3J we show for both spin up and spin down the 
spectral weights of the dot as a function of the Rashba 
spin-orbit interaction <f>so for 4>ab = 7r/4. Without spin- 
orbit interactions [Fig. Ufa)], both spectral weights coin- 
cide and do not split. However, for ipso — tt/4 [Fig.[2^b)] 
the weights split and the Kondo resonances near the 
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-A dl 
-A dt 



<t>so = 




FIG. 2: Spectral weights. Parameters are D = 1, Ed = —0.25, 
U = 0.5, Vi = 0.1414, £ = 1, <\>ab = tt/4. The spin-orbit 
coupling strengths are (a) 4>so = and (b) 7r/4. 



Fermi level become suppressed- 2 — Moreover, the spectral 
weights move to the particle (hole) sector for spin up 
(down) . Such a shift results from the polarization of the 
dot occupation. 

The split Kondo peaks can be compensated by apply- 
ing an external magnetic field. Figure [3] shows the recov- 
ery of the Kondo resonance at the Fermi level for various 
values of (f>so- We observe that the compensating fields 
for (pso = 7r/4(37r/4) and — 7r/4(— 37r/4) have opposite 
signs. Therefore, the effective field is invariant under si- 
multaneous reversal of both the AB flux and the Rashba 
interaction. This fact is understood in the noninteracting 
case from Eq. ((HJ. Hence, it is crucial to investigate in 
detail the precise form of the compensating field in the 
presence of interactions. This goal can be accomplished 
only via a scaling analysis, which we perform in the next 
section. 



IV. SCALING ANALYSIS 



A. Tight-Binding Model and Lead Polarization 
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The scaling analysis is greatly simplified if we consider 
a tight-binding model of the system. We discretize the 



FIG. 3: Compensation effect. The spin-orbit strengths are (a) 
(f>so = 7r/4, (b) 0so = 37r/4, and (c) (f>so = — n/4, and (d) 
4>so = — 37r/4. Parameters are D = 1, e<j = —0.25, U = 0.5, 
Vx = 0.1414, f = 1, and 4>ab = tt/4. 
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FIG. 4: AB ring with spin-orbit interaction of the Rashba 
type and coupled to semi-infinite discrete leads. 



leads and consider the system shown in Fig.[4j The model 
Hamiltonian is given by 



H = Hd+H c + 'Ht- 



where 



<7 



(17) 
(18a) 

(18b) 
(18c) 



The only difference with our starting Hamiltonian Eq. (p} 
is the distinct representation of the leads but this does 
not change the underlying physics. 

The Hamiltonian Eq. (fTTj) has been considered in 
Ref. [34] for the case without spin-orbit interactions. It is 
shown that an AB ring with an embedded quantum dot 
threaded by 4>ab can be mapped onto an equivalent An- 
derson model in which the density of states in the trans- 
formed lead has a term proportional to Ska cos(4>ab) in 
addition to a constant^ Following their approach, we 
first diagonalize the lead Hamiltonian He ■ Using this di- 
agonalized basis and neglecting the decoupled mode, we 
find that Eq. (fTTj) becomes, 

H = Hn+^e ka c\ ka c 8ka +^V[dlc ska + h.c] , (19) 

k,a a 

where the effective density of states in the lead reads 



Pa{Ska) = PO 



L>a 



(20) 



with V = \JVl + V£, x = (V 2 /t) 2 (which amounts to 
£ in the continuum model of leads, see Sec. II), po = 
l/7rf(l + x),a = WlVlUVl + V*)\ T b = ix/(l + .*) 2 , 
and D = 2t. Remarkably, from Eq. (|2T))) we observe 
that the density of states for the reduced lead becomes 
spin-dependent. Therefore, we expect a spin-dependent 



coupling between the lead and the dot which will give 
rise to an effective magnetic field in the dot. This situa- 
tion is also seen in simple models of ferromagnetic leads 
attached to Kondo impuritiesj2ir— but the difference is 
that while in the latter case the term yielding a spin 
polarization is constant in energy,— ~— in our case the 
density of states contains a term linear in Ska- 

To gain further insight into the spin polarized tunnel 
coupling arisen from Eq. (|2"0"|) . it is sufficient to consider 
the spin-dependent occupation of the reduced lead at zero 
temperature, 



de p a (e) . 

Defining the effective spin polarization as 

p = "t - n l 
rif + nj. ' 

we insert Eq. (|20|) in Eq. ([2"T|) and obtain, 



p _ \JalbS\-n(cj> AB ) sm(4>so) 
2 - y/a7b COs((j)AB) cos(0 so ) 



(21) 



(22) 



(23) 



We observe that the effective lead polarization P is zero 
for (f>AB = Tin or ipso — n7r with n integer and de- 
pends on the coupling asymmetry a and the background 
transmission 7&. Moreover, it is worth noting that the 
fully polarized case (\P\ = 1) can never be achieved since 

|P maX | = < 0.5. 

We now calculate the compensating field in the tight- 
binding representation with [7 = 0. As we know from 
Sec. II, the effective field arises from the real part of the 
tunneling self-energy which now reads, 



Re£ 0ff = V A 



dSka 



P{Ska) 

u - Sho- 



rn 



where the prime at the integral means the Cauchy's prin- 
cipal value. The compensating field occurs at external 
fields such that e^t — £<ii + Re(£ot — ^W) = Using 
Eqs. O and ((Ml), we find 



9PbB c 



'a% sin 4>ab sin ^ S o , 



(25) 



with r t = 2poV 2 . This results agrees with the compen- 
sating field obtained in the continuum model of Sec. II, 
see Eq. ©, up to a factor 1/(1 + x) (or 1/(1 + £)). Al- 
though the prefactors are different, the functional depen- 
dence is the same. 



B. Compensating Field 

To calculate the effective field for U ^ 0, we consider 
the case when the dot levels lie within the conduction 
band. Then, scattering processes on a scale D can involve 
real charge fluctuations of the dot. Taking into account 
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this effect and empioying second-order perturbation the- 
ory in V, we continuousiy reduce the bandwidth D by 
a positive infinitesimal SD. As a consequence, the dot 
energy levels in the dot are renormalized^ as 



-o - £ q ~ X! 



p rT (—D)5DV 2 



'la 



e Xa - 5DV 



P*(-D) + pA+D) 



Eda + U + D D - £ da 



Pa {+D)SDV 2 



D-e da -U ' 



(26a) 
(26b) 
(26c) 



where £o denotes the energy of the empty state, z\ a the 
energy of a singly occupied state with spin a, and £2 the 
energy of the doubly occupied state. Since Eda = £\<r — £0 
by definition, for U -> 00 Eqs. (|26|) yield the scaling 
equation for the single-particle energy, 



functional dependence of B c on (f>AB and 0so remains 
the same. 

On the other hand, for the special point 2sd + U = 0, 
the effective level evolves as, 

= f t Vo7^cos(<?!v)-^- , (33) 
a In D Do 

so that for the compensating field we have, 

gp B B c fa -rt-x/oTbSin^As) sin(0 so ) . (34) 

In this case, at B — B c the renormalized energy level 
reads 



£d = £d - T t yaTb cos(4>ab) cos( 



>so 



(35) 



Equation (|34p agrees, except for the prefactor, with the 
mean- field result obtained earlier, sec Eq. (fTTj). 



dSda 

d\nD 



2 



1 - V^7b (2 cos^) + cos(0 ff )) 



(27) 

By integrating out the band from Do to D, we then ob- 
tain the renormalized energy level 



Ft 
' 2 



in 



Do 
D 



'aTb (2 cos^) + cos(0 ff )) 1 - 



D 
~Do 



(28) 



From Eq. (|28p. we find that the total level splitting 

A z = ?dt - ek). is given by 



A z = (£rft-£d;)+r t Va7bsin(0AB)sin( 



1 



D 

(29) 



from which the effective magnetic field results, 

gp B B cS = -^\/a7&sin((/) J 4s)sin(0so) I 1 - 77- 
l \ D 

(30) 

Since the scaling terminates at D = D roughly given by 
D ss I Ed I, using Eq. (|2^|) the compensating field B c = 
—B e s is given by 



gp B B c = -^v / ^ sm ( ( ^4B)sin(</>so) ( 1 + tt 
Z \ L>o 



(31) 



where £<j can be found from, 

£d = £d + -^In-FH" - ■^V / a7foCOs(0 J 4s) cos(0so) ■ 
2 |£d| 2 

(32) 

In the case \Ed\ <S; Do, Eq. (13T1) predicts that the effective 
field is /iaZ/ the value for the noninteracting case. As a 
consequence, strong interactions reduce the external field 
needed to compensate B e g [see Eq. (|2"5j) ]. Notably, the 



C. Kondo Temperature 

The charge fluctuation is quenched at D < D and 
only spin fluctuations thus plays a role at lower ener- 
gies. In order to describe these fluctuations, we perform 
a Schrieffer- Wolff transformation and obtain the Kondo 
Hamiltonian given by, 

U K =Y^ [ J + S + C tk'i c skt + J-S-cl k , t c sH 

k,k' 

+ Jz^S z C f sk , t C sk1: - JziS z c\ kli C skX +K ^ C lk'a°ska , 



k,k' a 



(36) 



where 



J±,zcr = 



V 2 V 2 

W\ + u - \i d \ ' 

K--(— V2 

~2l|£ d | U-\e d \ 



(37a) 
(37b) 



with renormalized single-particle energy Sd and band- 
width D. 

Using Poor Man's scaling,— the scaling equations for 
the coupling constants can be then written as 



dJ za 
d\nD 

dJ± 
d\nD 



'PqJ± \ J«\ + 'hi) 1 



(38a) 
(38b) 



where we have kept only up to zeroth-order terms in 
D/Do- Since Eqs. (|38|) break down at Tr, we obtain 



k B Tx ~ D exp 



2p J 



(39) 



Here, we assume that the spin splitting has been com- 
pletely compensated by an external magnetic field, thus 
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employing the renormalized single-particle energy at the 
compensating field given by Eq. (|3"2")l . For U — > oo, the 
Kondo temperature can then be expressed as a function 
of 4>ab arid 



feTfi; ~ T K (tt/2) exp 



- - V «7& cos(^ B ) cos(0s O ) 



(40) 

where T k {-k/2) denotes the Kondo temperature at 
4>AB = 7r /2 and </>so = 7r /2- Note that the Kondo tem- 
perature is also a sinusoidal function of 4>ab and 4>so- 
On the other hand, for the case £d = — U/2 we have 



fesTx « T k (tt/2) exp 



r-^- fv / o76Cos((/) J 4B)cos((?!)s ) 



( 41 ) 

In this case, the flux dependence is much weaker than 
that of the infinite U case described by Eq. (|4"D"1) . 



V. EFFECTIVE FIELD 

The qualitative discussion in Sec. IV. B. demonstrates 
the existence of an effective field acting on the dot. To 
gain deeper insight into the properties of the compen- 
sating field and investigate its functional dependence on 
temperature and the gate voltage, we now derive an effec- 
tive Hamiltonian "Hcff using perturbation theory. Physi- 
cally, the split Kondo peak can be understood in terms 
of the dot valence instability (virtual charge fluctuation) 
and spin-dependent density of states. To deal with this 
instability, we perform a Schrieffer- Wolff-like transfor- 
mation of the Hamiltonian given by Eq. (|19l) . Then, 



T-LeS = 



E 

k,k' 



V 2 



V 



Y 



U + Sdt — Efc'f 



'sfc'T Csfe T 



V 2 



c skl c sk'l 



C sk'l C skl 



(42) 



-V" 



dio 



Pi(u>)'- 



u- 



U3 — U— e di _ 
[Potential scattering] . (44) 



where [• • • ] includes spin-flip S± and potential scatter- 
ings. At this point, unlike the usual Schrieffer- Wolff 
transformation, we employ a mean-field approximation 
for the lead electrons^! 

(Cskacl k , a ,) = [1 - f(Ska)} 5 k: k>S<j,a' , (43a) 
(4fcV' C »to) = f{£ka)5k,k>da,a> ■ (43b) 

Then, the spin-flip scattering terms vanish and we obtain, 



Since the density of states is spin-dependent in our case, 
the quantity in the square bracket is nonzero. 

The effective Hamiltonian of Eq. (J44J) can be expressed 



(45) 



from which it follows that 



gHBB e s 



'aTb cos (4>^) 



Do 



- ( 1 + yV76COs(04.) — 



i-/M 

uj - e d \ LJ — U- e d \ 

, f(u) 



OJ - Edl U - U - £dl 



(46) 



This is the explicit formula of the effective field and is a 
central result of our work. 

For S cxt = (e^t = £<t|,)> Eq. pp| can be written as 

gii B B cS = r t \/a7bSin(0AB) sin(0 so ) 

• M - + {U ^J d) ^( u + £ d)l , (47) 



where 



= In 



2A) 



2tt 



Re 



2£n 



(48) 



For low values of y/ali, the effective field is proportional 
to the lead polarization P [cf. Eq. ([23]) ]. £? c ff cx TP, in 
analogy with a quantum dot coupled to ferromagnetic 
case^ The crucial difference is that in our case, i? c ff is 
nonvanishing for noninteracting electrons. Setting U = 
in Eq. (|47[) we recover the expression found above. There- 
fore, the effective magnetic field is not only generated 
via exchange interaction between the dot electrons and 
the leads but it also contains a contribution from the 
spin-orbit interaction and the magnetic flux when their 
associated phases are nonzero at the same time. 

As shown in the previous sections, the effective field 
-B e ff can be compensated by applying an external mag- 
netic field B c such that B c = —B c g, 38 



gii B B c = -r t Va76sin(^AB)sin(^so) 



1 - 



2D, 



(U + £d) 

2Dn 



(49) 



which generalizes our previous expressions [Eq. pip and 
Eq. (|34j) ] and is valid for nonzero temperature and inter- 
acting electrons. Importantly, the precise dependence on 
4>ab and <pso remains in terms of periodic functions. 

In Fig. [5] we show the effective field as a function of the 
position of the quantum dot level, which can be tuned us- 
ing a gate voltage. The important result to bear in mind 
is that B c s is nonzero at the special point 2|ed| + U = 0, 
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£d/U 

FIG. 5: Effective field B c g as a function of Ed/U with U/Do = 
1/2 at T — 0. Here, the exchange field B e g has been scaled 
by Tt\JaTb sin(0As) sin(4>so)- Refer to Eq. (l47l) . 

due to the lack of particle-hole symmetry in our system. 
This is in stark contrast with the case of ferromagnetic 
leads. In that case, only the spin fluctuations prevail at 
the particle-hole symmetric point so that the exchange 
field coming from charge fluctuations is zero. 25 

VI. CONCLUSIONS 

To summarize, we have investigated the splitting that 
occurs in the density of states of a quantum dot in- 
serted in a mesoscopic interferometer in the presence of 
spin-orbit interactions and magnetic flux. In the Kondo 
regime, the resonance at the Fermi energy becomes split 



at nonzero values of both the Aharonov-Bohm and the 
Rashba phases. The splitting is due to an effective field 
whose main properties can be more clearly derived from 
the instructive mapping to a Hamiltonian that describes 
a quantum dot coupled to a transformed lead with spin- 
dependent density of states. As a consequence, the cou- 
pling between the dot and the lead depends on the spin 
orientation and an effective Zeeman splitting emerges. 

For interacting electrons, a study of charge fluctua- 
tions within a scaling procedure reveals an effective mag- 
netic field that increases with the charging energy. Im- 
portantly, the correction becomes of the same order as 
the noninteracting value for U — > oo. 

The splitting can be compensated with an external 
magnetic field. We have calculated the compensating 
field for both interacting and noninteracting electrons. 
In both cases we obtain an expression which shows 
that the compensating field is a periodic function of the 
Aharonov-Bohm and the spin-orbit phases. We have also 
emphasized the breaking of particle-hole symmetry in our 
system, which implies a nonzero value of the effective field 
regardless of the applied gate voltage. 
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